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We present dielectric function e¼ e1þ ie2 spectra and critical-point energies of Cu2ZnSnSe4
determined by spectroscopic ellipsometry from 0.5 to 9.0 eV. We reduce artifacts from surface
overlayers to the maximum extent possible by performing chemical-mechanical polishing and
wet-chemical etching of the surface of a Cu2ZnSnSe4 thin film. Ellipsometric data are analyzed by
the multilayer model and the e spectra are extracted. The data exhibit numerous spectral
features associated with critical points, whose energies are obtained by fitting standard lineshapes
to second energy derivatives of the data. The experimental results are in good agreement with the e
spectra calculated within the GW quasi-particle approximation, and possible origins of the
pronounced critical-point structures are identified. VC 2012 American Institute of Physics.
[doi:10.1063/1.3681814]
I. INTRODUCTION
There is an increasing interest1–4 in the quaternary com-
pounds Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) for
their applications in thin-film photovoltaic (PV) devices. The
material’s bandgap energy in the range of 1.0-1.5 eV and
high absorption coefficient of 104 cm1 are suitable for
high-performance PV devices, and the earth-abundance of
the constituent elements paves a new pathway for gigawatt-
scale mass production of PV.1 In addition, the non-toxic na-
ture of the elements also eliminates environmental concerns.
Despite their brief history in thin-film PV, CZT(S,Se)
technologies are rapidly advancing and their conversion effi-
ciency has already reached as high as 10.1%.2 Knowledge of
the optical properties of materials, such as dielectric func-
tions e¼ e1þ ie2 and refractive index N¼ nþ ik¼ [e]1/2, is
important to develop and optimize PV device structure, as
well as to improve our understanding of the electronic struc-
ture and related physical characteristic.5 For example, the N
(or e) is one of the input parameters for optical modeling of
PV device performance, and the e spectra are widely used to
verify the predictions made by the electronic structure calcu-
lations.6 Surprisingly, however, the properties of CZTSe
have not yet been explored in great detail. In particular, ex-
perimental studies are relatively rare and previous studies
have focused mainly on determining the bandgap energy3
and probing the secondary phases.4
Here, we apply spectroscopic ellipsometry (SE) to
investigate the optical properties of CZTSe. SE is recog-
nized7 as a highly suitable method of determining the e and
N spectra of materials over a wide spectral range. The sur-
face sensitivity of this technique, however, often makes it
complicated to obtain a material’s intrinsic properties when
surface overlayers are present.8 Because optical information
on overlayers is usually unavailable a priori, mathematical
modeling of SE data without sufficient knowledge can poten-
tially lead to inaccurate results. In this study, we attempt to
reduce overlayer artifacts by performing chemical-
mechanical polishing (CMP) and wet-chemical etching of
the surface before SE measurements.
The e data exhibit numerous optical structures associ-
ated with critical points (CPs) and their energies are obtained
by the standard line shape analysis.9 The experimental data
are in good agreement with the spectra calculated in the GW-
random phase approximation (RPA).10 We identify the pos-
sible origins of the prominent CP structures observed in the e
spectra in this work.
II. EXPERIMENTS
A polycrystalline CZTSe thin film was grown by thermal
co-evaporation of elemental Cu, Zn, Sn, and Se. The substrate
was soda-lime glass coated with a 1-lm–thick molybdenum
(Mo) film, and its temperature was held at 490 C during
growth. The nominal thickness of the film was 1.5 lm. X-ray
fluorescence was used to determine chemical composition,
which was calibrated by inductively coupled plasma optical
emission spectrometry. The film turned out to be slightly
Zn-rich (Zn/Sn¼ 1.07) and Cu-poor (Cu/[Znþ Sn]¼ 0.96).
The film’s structural properties were characterized by X-ray
diffraction, Raman scattering spectroscopy, and Auger elec-
tron spectroscopy, which showed no clear evidence of the
secondary phases, such as ZnSe and Cu2SnSe3, within the
film. Detailed discussions on the growth and phase identifica-
tion are given elsewhere.11,12
a)Author to whom correspondence should be addressed. Electronic mail:
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The surface roughness was greatly reduced by CMP pro-
cedures using a colloidal silica suspension with 0.02-lm par-
ticles. We attempted to further remove the residual oxides as
much as possible by etching the film surface with a 50 vol %
solution of NH4OH in DI water (AmH) for 30 s in air.
Changes of the morphology and chemistry of the CZTSe
surface were monitored by atomic force microscopy (AFM)
and X-ray photoemission spectroscopy (XPS), respectively.
AFM images were recorded in air by using a Digital
Instrument – Dimension 3100 model equipped with
Nanoscope-V controller. XPS spectra were taken in a
Physical Electronics 5600 photoemission system using
monochromatic Al Ka radiation, a 45 take-off angle, and an
800 lm slit. The pass energy was 29.35 eV, and the dwell
time per data point was 2 s.
A variable-angle rotating compensator SE (J.A. Woollam
Inc., M-2000 DI model) was used to assess the surface
conditions in the spectral range from 0.74 to 6.45 eV. The
incident angle was varied from 55 to 75 with an increment
of 5. We minimized recontamination of the surface by
continuously flowing N2 gas onto the sample during the
measurements. The full< e> spectra were then separately
acquired from 0.5 to 9.0 eV with the sample at room tempera-
ture by using a vacuum-ultraviolet (VUV) SE, which is a
rotating analyzer type equipped with a computer-controlled
MgF2 Berek compensator. The angle of incidence was 70
.
III. COMPUTATIONAL DETAILS
Theoretical analysis of the total dielectric function
e¼ [2e\þ ejj]/3 spectra is performed using the e data
reported in Ref. 10, which were calculated within the GW
approximation.13 This first-principles method is developed to
calculate the energies and self-energies of electrons in a solid
by updating both Green’s functions G and screened Coulomb
potential W in the self-consistent approach. The GW approxi-
mation can be regarded as a generalization of the Hartree-
Fock approximation but with a dynamically screened
Coulomb interaction. In this work, we analyze the e spectra
and identify the CPs of the photon-assisted transitions.
CZTSe crystallizes in either the kesterite (KE) structure
with the space group of I 4 or the stannite (ST) with the
space group of I 42m, which can be distinguished by the rel-
ative positions of Cu and Zn atoms in the unit cell.14 The
ordering of cations was taken into account, and e spectra of
CZTSe were calculated for both structures.10
CP structures observed in the e spectra are associated
with Van Hove singularities (VHSs) in the joint density of
states (JDOS), defined as9
DjðEÞ ¼ 1
4p3
ð
BZ
dSk
jrk½EcvðkÞj ; (1)
where Sk is the constant energy surface of optical transition
energy Ecv(k)¼Ec(k) - Ev(k). The CPs in e spectra are
mapped to critical k-points in the JDOS where the gradients
of Ecv vanish. In our calculations, four possible high-symmetry
k-points (HSKPs), C(0, 0, 0), Z(0, 0, 1/2), X(1/2, 1/2, 0), and
P(1/2, 1/2, 1/2) are considered.
Assuming parabolic curvature of the valence and con-
duction bands, Ecv can be expanded in the vicinity of the
HSKP k0 to the second order of u¼k – k0 as
EcvðkÞ ¼ Ecvðk0Þ þ c?u2? þ cku2k þ Oðu4Þ; (2)
with
ci ¼
1
2
@2Ecv
@k2i
¼ h
2
2
1
mei
þ 1
mhi
 
; i ¼ ?; k; (3)
where me* and mh* are the effective masses of electrons and
holes, respectively. The peaks in the e2 spectrum correspond
to negative values of d2< e2> /dE
2, implying saddle points
of Ecv(k0) and thus c\ cjj< 0.
9 To understand the nature of
the individual CPs, the effective masses need to be analyzed
at the HSKPs. For the calculations of the effective masses,
we used a dense k-mesh and the generalized gradient approx-
imation (GGA) with the onsite Coulomb correction
Ud(Cu)¼ 4 eV, Ud(Zn)¼ 6 eV, and Us(Se)¼3 eV. The
resulting C-point electron masses (m\
e*¼ 0.08m0 and
mjj
e*¼ 0.09m0) agree well with the previously reported
values.15
IV. RESULTS AND DISCUSSION
AFM images of the CZTSe surface before and after the
CMP procedures are compared in Figs. 1(a)–1(d). The length
scale of the x- and y-axis for all the images shown here is
5 lm. The plan-view images are rendered in an 8-bit gray
scale with black on this scale corresponding to the reference
height (0 nm) in the z-axis. The maximum z-height values
for Figs. 1(a) and 1(c), which are mapped to the color white,
FIG. 1. AFM images of the “as grown” surface ((a) and (b)) and the
chemical-mechanical polished surface followed by the AmH rinse ((c) and
(d)). (a) and (c) are plan-view images while (b) and (d) are 3-D views con-
structed from the corresponding plan-view images. The estimated surface
roughness values for “as grown” and “polishþAmH” surfaces are 70.9 and
2.7, respectively. Note: Side-length of all the images shown here is 5 lm.
The plan-view images are rendered in an 8-bit gray scale, and black on this
scale corresponds to the reference height (0 nm) in the z-axis. The maximum
z-height values for Figs. 1(a) and 1(c), which are mapped to the color white,
are 398 and 17.1 nm, respectively.
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are 398 and 17.1 nm, respectively. The CMP procedures
greatly reduced the root-mean-square (RMS) roughness from
70.9 nm for the “as grown” surface (Figs. 1(a) and 1(b))
down to 2.7 nm for the “Polish and AmH” surface (Figs. 1(c)
and 1(d)).
Figure 2 is comprised of XPS data for the polished and
polished/AmH surfaces. A general spectral feature of the
AmH-washed surface is a reduction of the full-width-at-half-
maximum (FWHM) values for the various core levels, indicat-
ing a reduction in the number of chemical states. As seen in
O 1s spectra, the relative amount of surface oxygen decreased
by about 50% after AmH treatment. The Se 3d region shows
that the high binding energy peaks (Se 3d5/2¼ 58.7 eV) corre-
sponding to Se4þ species such as selenates have been
removed. High binding energy shoulders observed in the Cu
2p3/2 and Sn 3d5/2 spectra of the polished surface were also
removed by the AmH treatment, which are indicated by
arrows in Figs. 2(c) and 2(d). Our XPS data thus suggest that
AmH washing removes some of the native oxides found on
the CZTSe surface, as has been found for other selenide
surfaces.16,17
The SE-determined imaginary part of the pseudodielec-
tric function< e>¼< e1>þ i< e2> spectra is given in
Fig. 3, which also clearly reflects the positive roles of the
CMP procedure and AmH treatment in the improvement of
the CZTSe surface. The< e2> spectrum, especially in the
high energy region, is sensitive to the presence of surface
overlayer, and the< e2> value is reduced from its intrinsic
e2 value. The magnitude of difference e2 -< e2> is roughly
proportional to the thickness of the overlayer.8 The CP struc-
ture at  2.5 eV appeared distinctly in the “polished” spec-
trum is not obvious in the “as-grown” spectrum, which is
perhaps obscured by the thick surface overlayers. In addi-
tion, significant enhancement of the CP structures at  4 and
 5 eV in the< e2> spectra, which is further improved by
AmH treatment, indicates the successful reduction of surface
overlayers in accordance with previous SE studies.8,16,18
Large oscillations below  1.3 eV are the thickness fringes
from the transparent characteristic of the film below its fun-
damental absorption edge.18,19
A VUV-SE measurement was carried out over an
extended photon energy range from 0.5 to 9.0 eV to acquire
the< e> spectra of CZTSe after the CMP procedures and
AmH treatment of the surface. To obtain the e of CZTSe
with the mathematical corrections for the presence of resid-
ual surface overlayers and thickness fringes, the< e> data
were analyzed by a multilayer model consisting of the ambi-
ent, a surface-roughness layer, the CZTSe layer, and the Mo
buffer layer. The soda-lime glass substrate was not included
in the model because its presence was completely obscured
by the 1-lm-thick metallic Mo layer in the spectral range of
our measurements. The surface-roughness layer, represented
by a Bruggeman effective medium approximation,20 was
estimated to be  3.0 nm.
FIG. 2. (Color online) XPS spectra of (a) O 1s, (b) Se 3d, (c) Cu 2p3/2, (d)
Sn 3d5/2, and (e) Zn 2p3/2 peaks for the polished CZTSe surface taken before
(dotted red lines) and after (solid black lines) the AmH treatment. Suppres-
sion of the O 1s peak and disappearance of the Se4þ peak indicate the posi-
tive effects of AmH treatments on the removal of native oxides from the
CZTSe surface. The peaks on the high binding energy side of the main lines
for the Sn, Cu, Zn, and Se core levels have also been removed by the AmH
treatment, which are indicated by arrows for Cu 2p3/2 and Sn 3d5/2 core lev-
els in (c) and (d).
FIG. 3. (Color online) Effects of surface polishing and chemical treatments
on< e2> of CZTSe. Polishing (dotted black line) and AmH (solid red line)
treatment improve the data and the optical structures are better resolved.
Data for the “as-grown” surface are represented by the dashed green curve.
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The e of CZTSe layer was constructed by the B-spline
formulation.21 A spline function is basically a series of
polynomial segments, which is constructed in a manner to
maintain continuity up to a certain degree of differentiation.
B-splines are a basis set for polynomial splines, and this set
of basis functions can describe optical structure in the e2
spectrum while providing the Kramers-Kronig consistent
dispersion e1 spectrum at the same time.
The real and imaginary parts of the resulting e spectra
are shown as solid black lines in Figs. 4(a) and 4(b), respec-
tively. For comparison, the calculated e spectra of CZTSe in
the KE and ST structures are also shown as dashed red lines
and dotted blue lines, respectively.10 Both the KE and the ST
structures belong to the body-centered tetragonal Bravais lat-
tice. Therefore, they exhibit similar CP structures in the e
spectra with small differences in the CP energies. The agree-
ment between the data and calculations is overall very rea-
sonable, and the major CP structures at around 2.5, 4.0, 5.0,
6.0, and 7.0 eV in the SE data are all identified in the calcula-
tions, as indicated by the arrows.
However, a few interesting discrepancies are found as
well. SE-determined e1¼ 9.2 is between the two calculated
values10 for KE (10.31) and ST (8.88) structures. In addition,
the amplitudes of the E1 peak in the e2 spectra are similar for
the SE results and the calculated value of the ST structure,
whereas that of KE is about twice as large. Those observa-
tions suggest that the CZTSe film used in this study possibly
contains both KE and ST structures. In fact, a first-principles
calculation22 has shown that a small difference in formation
energy (3 meV/atom) allows the KE and ST structures to
coexist even at low temperature. On the other hand, we also
note that some previous experimental studies23,24 probed the
pure KE structure in a similar material, CZTS film. Because
of the similarities in the lattice structure as well as the chem-
istry of the two structures, it is unfortunately very difficult to
unambiguously discern the lattice type of a polycrystalline
CZTSe. For a positive identification of the lattice structure
of our CZTSe thin film, a more systematic structural analysis
is required, which is beyond the scope of this work.
To obtain energies of the CP structures observed in Fig. 4,
we numerically calculated the second-energy-derivative
d2< e> /dE2 spectra using linear filtering algorithms of the
Savitzky-Golay-type.25 The CP energies are extracted by fit-
ting the spectra to the standard analytic CP expressions by
least-squares scheme. These standard expressions are9
d2e
dE2
¼

nðn 1ÞAei/ðE Eg þ iCÞn2; n 6¼ 0
Aei/ðE Eg þ iCÞ2; n ¼ 0
; (4)
where A is the amplitude, Eg is the threshold energy, C is the
broadening parameter, and / is the excitonic phase angle.
For A> 0, the values n¼1, 1/2, 0, 1/2 represent
FIG. 4. (Color online) (a) Real and (b) imaginary parts of SE-determined e
spectra (solid black lines) compared to the spectra for kesterite (dashed red
lines) and stannite (dotted blue lines) structures calculated within the GW
approximation. Five CP structures are observed in the SE data that are indi-
cated by upward arrows. The corresponding CP structures, identified in the
calculated data, are indicated by downward arrows. Note: Two weak CP
structures E2 and E5 are resolved in the derivative spectra (see Fig. 5).
FIG. 5. (Color online) Best-fit curves of the second derivatives
of< e1> (solid red line) and< e2> (dashed-dotted blue line) of CZTSe. The
red circles are the numerically calculated d2< e1> /dE
2 data. To clearly
show the quality of the fits, d2< e2> /dE
2 data are not shown.
TABLE I. CP energies of CZTSe (in eV) obtained from SE measurements. Calculated CP energies for KE and ST (in parentheses) structures are also given
with the identification of possible interband transitions. vi ) cj represents a transition from the ith valence band to the jth conduction band. Here, the v1 and c1
denote the topmost valence and bottommost conduction bands, respectively.
CPs Expt. Calc. KE (ST) Transitions
E1 2.426 0.02 2.34 (2.57) Z: v1,2) c1
E2 3.516 0.04 3.52 (4.00) Z: v1,2) c2,3,4
E3 4.016 0.09 4.22 (4.94) C: v1,2) c5; Z: v7,9) c1
E4 4.586 0.06 5.16 (5.68) C: v1,2) c6; Z: v1,2) c6, v7) c4; X: v2) c5, v1 ) c4
E5 5.266 0.16 5.96 (6.49) X: v4) c5, v9,10) c3; P: v4) c5
E6 5.936 0.06 6.76 (7.00) P: v11,12) c3, v7 ) c4
E7 6.876 0.08 7.05 (7.43) X: v6) c6; P: v2) c8, v9,10) c4
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excitonic, 1, 2, and 3D lineshapes, respectively. Both
the real and imaginary parts were fitted simultaneously.
The calculated d2< e> /dE2 spectra together with the
best-fit curves are shown in Fig. 5. The open circles represent
data for d2< e1> /dE
2. For clarity, d2< e2> /dE
2 results are
not shown, but the quality of the fits is similar. The solid and
dashed-dotted lines are the best-fit curves for the real and
imaginary parts, respectively. Sensitivity to the residual fea-
ture is greatly enhanced in the derivative spectra, and the
two weak CPs, E2 and E5, are now resolved. The E1, E2, and
E3 CPs are fit best with the excitonic lineshapes (n¼1),
while the remaining CPs are represented by the 3-D
lineshapes (n¼ 1/2). The CP energies obtained are listed in
Table I.
Identification of the physical origins of the optical struc-
tures plays an important role in better understanding the
material’s electronic structure and the relative strength of
transitions at room temperature. This is in turn important to
develop new compounds with desired functionality and pre-
dict the effects of impurities and strain engineering on the
properties of host materials.
The possible origins of the CP structures are identified
from the calculated spectra10 using the GGA effective
masses. We find that the first two CPs, E1 and E2, occur at
the Z-point of BZ. The corresponding band-to-band transi-
tions are suggested in Table I. The e2 data exhibit a strong
local maximum at the E1 CP because of its low-dimensional
characteristic at VHS. By decomposing the density of states
to atomic site and angular momentum, we find that the E1
CP structure consists of Cu(3dxzþ 3dyz) ! Se(4pz),
Se(4pxþ 4py) ! Cu(3dz2þ 3dx2y2), and Se(4pxþ 4py)
! Sn(5s) transitions. The net effect is that the Cu(3d) elec-
trons are excited to Sn(5s) orbit. Since the d-s dipole transi-
tion is forbidden by the selection rule, the Se(4p) orbital is
utilized as a pipe in this process. The E2 CP involves the
Cu(3dxyþ 3dxz) ! Sn(5px), Cu(3dxyþ 3dyz) ! Sn(5pz), and
Cu(3dyzþ 3dxz) ! Sn(5pz) transitions. The net transition is
Cu(3d)! Sn(5p).
The E3 CP contains the Cu(3d) ! Sn(5s) transition at
the Z-point, which is very similar to the E1 CP. It can be
explained as follows: Analogous to the Cu(In,Ga)Se2 com-
pound,26 the Cu(3d) state in CZTSe spans over a large
energy range ( 6 eV) of the upper valence band and splits
into two peaks in the density of states spectrum due to the
p-d repulsion. The E1 and E3 CPs correspond to the transi-
tions from the upper and lower Cu(3d) peaks to Sn(5s) state,
respectively. Besides, the E3 CP also contains other possible
contributions, i.e., Cu(3dxyþ 3dxz) ! Sn(5px) and
Cu(3dxyþ 3dyz)! Sn(5py) occurring at the C-point.
High-energy transitions E4, E5, E6, and E7 CPs contain
numerous contributions with different types of transitions
occurring over a wide region of BZ, so the amplitudes of
these CP structures become relatively large. Due to the close
locations of multiple transitions, however, it is challenging
to analyze these CPs in a systematic fashion. Possible transi-
tions associated with each CP structure are listed in Table I.
Finally, we discuss possible reasons for the discrepan-
cies observed in the CP energies between the data and calcu-
lations. First, the GW quasi-particle approximation partly
neglects the true many-particle interactions, for example the
four-point interactions, in describing the excitation effects.
As a consequence, the peaks in the calculated e2 spectrum
tend to appear at higher energies than those in the experi-
mental data. A similar trend has also been observed in the
previous studies.18,27 In addition, the theoretical analysis is
based on a zero-temperature model, while the experiments
are carried out at room temperature.
V. CONCLUSIONS
Dielectric function e spectra of polycrystalline
Cu2ZnSnSe4 have been determined by spectroscopic ellips-
ometry from 0.5 to 9.0 eV. We performed chemical-
mechanical polishing and wet-chemical etching of the
surface to obtain< e> data least influenced by surface over-
layers. We then extracted e spectra using multilayer model-
ing procedures. Our< e> data exhibit seven above-bandgap
critical-point structures, and their energies are obtained by
the standard line shape analysis. The data show good agree-
ment with the e spectra calculated within the GW approxima-
tion, and the possible origins of the critical-point structures
are identified. The optical function spectra reported in this
work can be used to design the CZTSe-related PV devices
and model their performance. The energy of critical point
structures and their physical origins, on the other hand, will
help our better understanding of the electronic structure of
CZTSe and the dominant optical transitions at room
temperature.
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